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Summary Objective: To determine whether meaningful changes in signal intensity
or in the apparent diffusion coefﬁcient of water (ADC) in the ictal onset zone can
be detected through immediate postictal and interictal diffusion-weighted magnetic
resonance imaging (DWMRI) in patients with localization-related epilepsy. Method: In
randomly selected 10 medial and lateral temporal lobe epilepsy (TLE) and four ex-
tratemporal epilepsy patients, DWMRI was performed immediately after a seizure and
during the interictal period. All 14 patients were non-lesional except for hippocam-
pal sclerosis detected on MRI. The mean time interval from seizure onset to postictal
DWMRI was 81min. Regions of interest (ROI) were selected in both the cortex, which
was believed to be the ictal onset zone, and the corresponding anatomical region of
the contralateral hemisphere in the postictal and interictal DWMRI. The mean ADC
measured from all ROIs was compared. Ictal onset zones were determined by ictal
electroencephalography (EEG) and seizure semiology. Results: On visual inspection of
postictal and interictal DWMRI, signal changes in the ictal onset zone could be iden-
tiﬁed in only one patient with medial TLE. The mean ADC values from the ictal onset
zones were not signiﬁcantly different from those of the corresponding contralateral
regions of the cortices in both postictal and interictal DWMRI. However, the postictal
ADC values of the epileptogenic foci of neocortical epilepsy or neocortical temporal
portion of TLE without hippocampal sclerosis were decreased compared with inter-
ictal ones in whom both interictal and postictal DWMRIs were obtained (P = 0.028).
Conclusion: Our results demonstrate that water diffusion can change even after a
single seizure in non-lesional neocortical epilepsy.
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Introduction
Diffusion-weighted magnetic resonance imaging
(DWMRI) has already proved very useful in the
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study of cerebral ischemia in animal models and in
the early identiﬁcation of cerebral ischemia in hu-
man patients.1—4 Its role in the study of epilepsy is
now under investigation, suggesting some changes
in signal intensity or apparent diffusion coefﬁ-
cient of water (ADC) in the context of epilepsy.
Data from animal experiment and human experi-
ence in epilepsy can suggest that diffusion change
after focal or generalized status epilepticus (SE)
may persist for hours and even days.5—12 A few
studies investigated brain diffusion after a single
seizure.13,14 ADC changes can be seen during serial
postictal DWMRI and appear to be complex accord-
ing to seizure origin and spreading of the preceding
seizure.13 One series that seizures arising in the
temporal lobe may cause ADC decrease in the ar-
eas adjacent to the hippocampus.14 The ADC value
is elevated in the hippocampus in the interictal
state when hippocampal sclerosis is present.15—17
According to the reports mentioned above, it might
be postulated that some kind of meaningful change
in signal intensity or in ADC also occurs in the
epileptogenic area even after a single seizure in
human localization-related epilepsy. However, the
ADC change of neocortex in neocortical epilepsy af-
ter a single seizure has not been clearly identiﬁed.
We performed this study to ﬁnd out ADC change
of neocortical epilepsy as well as medial tempo-
ral lobe epilepsy (TLE) with hippocampal sclerosis.
We also tried to ﬁnd out the relationship between
variable characteristics of seizures and change
of ADC.
Table 1 Clinical characteristics, time intervals from seizure to DWMRI, and ictal onset zones.
Patient
number
Age
(years)
Sex MRI
ﬁndings
Seizure
typea
Duration of
seizure (s)
Interval
(min)b
Ictal onset
zone
1 24 M R HS CPS 88 201 R med temporal
2 25 F R HS CPS 94 25 R med temporal
3 31 F R HS CPS 72 81 R med temporal
4 15 F L HS CPS with 2GTCS 158 44 L med temporal
5 20 F Normal CPS 81 37 L temporal
6 40 M Normal CPS 98 65 L temporal
7 36 M Normal 2GTCS 142 40 R temporal
8 24 M Normal CPS 76 54 R temporal
9 46 M Normal CPS 87 52 R temporal
10 22 M Normal CPS with 2GTCS 132 63 L temporal
11 21 M L HS CPS 22 310 R frontal
12 22 M Normal CPS 28 58 L frontal
13 18 F Normal 2GTCS 146 51 L frontal
14 30 M R HS 2GTCS 131 47 R parietal
a Seizure classiﬁcation was based on the semiologic classiﬁcation.18
b The time interval between a seizure and DWMRI; CPS: complex partial seizure; 2GTCS: secondary generalized
tonic—clonic seizure; Interval: time interval from seizure to DWI; R: right; L: left; HS: hippocampal sclerosis; med:
medial.
Methods
Patients and determination of ictal onset
zones
Fourteen patients with medial or lateral TLE and
extratemporal lobe epilepsy were randomly se-
lected after noninvasive ictal scalp video-electro-
encephalography (video-EEG) monitoring for
presurgical evaluation. The patients who agreed to
participate in the study and whose condition was
suitable for scanning MRI were recruited. A compre-
hensive and detailed review was made of clinical18
and EEG characteristics of the last seizure that oc-
curred in each patient before the DWMRI study. The
ictal onset zone was deﬁned as occurring in one lobe
when ictal EEG localized the ictal rhythms to the
electrodes of one lobe at the onset of the seizure.
The ictal onset zones of patients with hippocampal
sclerosis, as determined by MRI and corresponding
ictal EEG, were deﬁned as occurring in the medial
temporal lobe. Patients with generalized epilepsy
identiﬁed by ictal EEG and semiology were ex-
cluded. Patients with any abnormal ﬁndings other
than hippocampal sclerosis on MRI were excluded.
Fourteen patients with intractable localization-
related epilepsy were subjected to immediate pos-
tictal DWMRI. Clinical and demographic data are
given in Table 1. Ten medial or lateral TLE patients
and four extratemporal epilepsy patients were re-
cruited. Four of the patients had ictal onset zones
in the temporal lobe with hippocampal sclerosis, six
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in the temporal lobe without hippocampal sclero-
sis, three in the frontal lobe, and one in the pari-
etal lobe. Nine patients were male and ﬁve were
female. The mean age at investigation was 27± 9
years. Nine of these patients were also scannedwith
interictal DWMRI in the follow-up period (the mean
interval from scanning postictal DWMRI to interictal
DWMRI: 265± 53 days). Secondary generalization
ensued in 5 of the 14 seizure episodes, after which
postictal DWMRI was performed. In immediate pos-
tictal DWMRI, the mean time interval from seizure
onset to postictal DWMRI was 80.6± 78.3min.
Conventional and diffusion-weighted MRI
We performed postictal DWMRI as soon as possi-
ble after a single seizure, recognized by changes
in scalp EEG and the patient’s behavior, which
was monitored on video. Because it was practi-
cally impossible to scan DWMRI during these short
seizures, we performed DWMRI immediately after
each seizure episode. This immediate postictal
DWMRI was performed only once for each patient,
after which the monitoring was terminated. We
also performed interictal DWMRI after discharge
in nine patients. These patients had been free of
seizures for at least three days before undergoing
interictal DWMRI.
All studies were performed on a 1.5 T whole-body
MR imager (General Electric Medical Systems, Mil-
waukee) equipped with echoplanar imaging capa-
bility. Axial fast spin-echo T2-weighted and echo-
planar diffusion-weighted, and oblique coronal
T1-, T2- and ﬂuid-attenuated inversion recovery
(FLAIR) images were acquired. The diffusion gra-
dients were simultaneously applied along three
axes (x, y, z) with b = 1000mm2/s. DWI was per-
formed using spin-echo EPI sequence with the
following parameters: TR/TE = 6500/103ms, ma-
trix size = 128× 128, FOV = 210mm (pixel size:
1.6mm× 1.6mm), slice thickness/gap = 5/0mm.
For each subject three sets of axial DWI were ob-
tained with application of three different diffusion
gradients (b = 0, 500, 1000mm2/s) along the three
axes simultaneously (total acquisition time of DWI:
52 s). Iterative nonlinear least squares ﬁt of a mo-
noexponential decay was used to produce a trace
ADC map.
Data analysis
All postictal and interictal DWMRI were visually in-
spected for any signiﬁcant changes in signal inten-
sity by a single neuroradiologist blind to patients’
clinical information. For quantitative analysis, re-
gions of interest (ROIs) were selected in the cortex
that was believed to be the ictal onset zone by the
criteria described above, and in the corresponding
anatomical region of the contralateral hemisphere
in each patient (Fig. 1). Mean ADC values were cal-
culated for the ROI in both hemispheres. Mean ADC
values from ictal onset zones were compared with
those from the contralateral hemisphere in both
postictal and interictal DWMRI. We also compared
ADC values of postictal images with those of inter-
ictal images. In the patients who had temporal ic-
tal onset zone without hippocampal sclerosis, the
ictal onset zones presumed to be lateral temporal
lobe. However, we could not exclude the possibil-
ity of medial temporal lobe as ictal onset zone, we
selected ROIs from the medial as well as the lateral
temporal areas separately. We also tried to ﬁnd out
the relationship between ADC change and the pres-
ence of secondary generalized tonic—clonic seizure
(2GTCS), time interval from a seizure to image, or
duration of a seizure. We reviewed the results of
video-EEG monitoring and recorded the duration of
a seizure just prior to the DWMRI scanning.
The ratio between the ipsilateral and contralat-
eral ADC values was called the ‘interhemispheric
ratio’. To overcome potential interictal ADC ab-
normalities that could mask meaningful changes in
ADC values in postictal DWMRI, we also compared
the mean ADC values from postictal DWMRI with
those from interictal DWMRI in both ictal onset
zones and the corresponding regions in the con-
tralateral hemisphere. For statistical comparisons,
a Wilcoxon signed rank test was used.
Results
The results of visual analyses and the ADC of DWMRI
are shown in Table 2. On visual inspection of pos-
tictal and interictal DWMRI, no changes in signal
intensity were identiﬁed in the ictal onset zones
or in the corresponding regions of the contralat-
eral hemisphere, except in one patient (patient 1)
who presented possible, but not deﬁnite, focal high
signal intensity in the ictal onset zone. The mean
areas of the ROI in the ictal onset zones and the
corresponding regions of the contralateral hemi-
sphere in postictal DWMRI were 288± 275mm2 and
250± 237mm2, respectively, which are not signif-
icantly different (P = 0.282). The mean areas of
ROI in the ictal onset zones and the corresponding
regions of the contralateral hemisphere in interic-
tal DWMRI were 275± 108mm2 and 234± 177mm2,
respectively, which are not signiﬁcantly different
(P = 0.440).
The mean ADC values in the ictal onset zones
and the corresponding regions of the contralateral
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Figure 1 DWMRI and ROI selection. Ictal onset zones of patient 3 and patient 12 are believed to be in the right
medial temporal lobe and the left frontal lobe, respectively. Their immediate postictal DWMRIs (A and C) show no
deﬁnite focal signal change in the ictal onset zones. For quantitative comparison of ADC values (B and D), ROI are
selected from both the ictal onset zones and the corresponding anatomical areas in the contralateral hemispheres.
hemisphere in the postictal DWMRI from all patients
were 935± 174× 10−6 mm2/s and 935± 150×
10−6 mm2/s, respectively, which were not sig-
niﬁcantly different (P = 0.678). The mean ADC
value in the ictal onset zones and the contralat-
eral hemisphere in the interictal DWMRI from
all patients were 989± 104× 10−6 mm2/s and
923± 128× 10−6 mm2/s, respectively, which were
not signiﬁcantly different.
When considering only the patients in whom we
could get postictal and interictal DWMRI, the mean
ADC value of epileptogenic zone of the postictal
DWMRI (936± 112× 10−6 mm2/s) was signiﬁcantly
different from the mean value of interictal DWMRI
(1025± 104× 10−6 mm2/s ) (P = 0.017) (Table 3).
The mean ADC values of contralateral ROIs of pos-
tictal and interictal DWMRI were not signiﬁcantly
different (P = 0.484).
The postictal ADC values of the epileptogenic
foci were decreased compared with interictal
ones in the patients with neocortical ictal onset
zones or in the neocortical temporal portion of
TLE without hippocampal sclerosis of whom we
could get interictal as well as postictal ADC val-
ues (P = 0.028, Table 4). The postictal ADC values
of the contralateral ROI to seizure focus did not
show any signiﬁcant change. There was no sig-
niﬁcant change of ADC values in medial portion
of TLE between postictal and interictal DWMRIs
(P = 0.463).
The mean ADC values from the ictal on-
set zones and the corresponding regions of
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Table 2 The mean ADC values (×10−6 m2/s) of postictal and interictal DWMRI.
Patient number Postictal DWMRI Interictal DWMRI
Ipsilateral Contralateral IH ratio Ipsilateral Contralateral IH ratio
1 1077 879 1.23 1076 863 1.25
2 1166 1072 1.09
3 1064 999 1.07 1070 944 1.13
4 1063 1025 1.04 1063 1089 0.98
5 847 (lat) 824 (lat) 1.03 (lat)
1122 (med) 1036 (med) 1.08 (med)
6 817 (lat) 982 (lat) 0.83 (lat) 828 (lat) 834 (lat) 0.99 (lat)
824 (med) 910 (med) 0.91 (med) 896 (med) 782 (med) 1.15 (med)
7 830 (lat) 869 (lat) 0.96 (lat) 1132 (lat) 794 (lat) 1.43 (lat)
920 (med) 877 (med) 1.05 (med) 869 (med) 847 (med) 1.03 (med)
8 919 (lat) 943 (lat) 0.97 (lat) 1085 (lat) 1152 (lat) 0.94 (lat)
918 (med) 923 (med) 0.99 (med) 886 (med) 1005 (med) 0.88 (med)
9 830 (lat) 896 (lat) 0.93 (lat) 972 (lat) 1076 (lat) 0.90 (lat)
1105 (med) 892 (med) 1.24 (med) 911 (med) 843 (med) 1.08 (med)
10 504 (lat) 529 (lat) 0.95 (lat)
498 (med) 524 (med) 0.95 (med)
11 1021 1020 1.00
12 842 899 0.94 894 899 0.99
13 986 964 1.02 1108 1051 1.05
14 1130 1195 0.95
Mean (S.D.) 935 (174) 935 (150) 1.00 (0.09) 989 (104) 923 (128) 1.02 (0.17)
a 924 (186) 913 (158) 1.01 (0.10) 984 (107) 936 (124) 1.06 (0.15)
Ipsilateral: ipsilateral to the ictal onset zone; Contralateral: contralateral to the ictal onset zone; IH ratio:
interhemispheric ratio; lat: lateral temporal area; med: medial temporal area.
a Mean (S.D.) including ADC values of medial portion of patients without hippocampal sclerosis. ADC values were
obtained from lateral temporal as well as medial temporal areas in neocortical temporal epilepsy patients.
Table 3 The mean ADC values (×10−6 m2/s) of ipsilateral and contralateral ROIs of the patients in whom both
interictal and postictal DWMRI were available.
ADC value Ipsilateral ROI Contralateral ROI
Postictal DWMRI Interictal DWMRI Postictal DWMRI Interictal DWMRI
Mean (S.D.) 936 (112) 1025 (104) 940 (56) 967 (128)
Table 4 The mean ADC values (×10−6 m2/s) of ictal
onset zones of neocortical epilepsy in postictal and
interictal DWI.
Patient
number
Postictal
DWI
Interictal
DWI
P-value
6 817 828 0.028
7 830 1132
8 919 1085
9 830 972
12 842 894
13 986 1108
contralateral hemisphere in the postictal MRI
from the ﬁve patients with secondary gen-
eralization were 902± 249× 10−6 mm2/s and
916± 247× 10−6 mm2/s, respectively (P = 0.35).
The mean ADC values for the ictal onset zones
and the corresponding regions of the contralateral
hemisphere in the postictal DWMRI from the ﬁve
patients with relatively shorter time intervals be-
tween seizure and DWMRI (i.e., less than 50min, pa-
tients 2, 4, 5, 7, 14) were 862± 467× 10−6 mm2/s
and 1039± 117× 10−6 mm2/s, respectively (P =
0.89). The mean interhemispheric ratio of pos-
tictal and interictal DWMRI of whole series
were 1.00± 0.09 and 1.02± 0.17, respectively
(P = 0.349).
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There was no signiﬁcant difference of time in-
terval from seizure to DWMRI between medial TLE
with hippocampal sclerosis and the other patients
(Table 1). We could not ﬁnd any meaningful re-
lationship between the duration of a seizure and
ADC change. The mean duration of seizure in me-
dial TLE with hippocampal sclerosis and the others
were 103.0 (range, 72—158) and 94.3 (range, 22—
146) s, respectively (Table 1). The mean duration of
seizure of the patients whose postictal ADC values
were decreased in the ictal onset zone was 96.2 s.
Discussion
Our results demonstrate that water diffusion may
change even after a single seizure in the ictal on-
set zone of non-lesional neocortical epilepsy includ-
ing the neocortical temporal area of TLE without
hippocampal sclerosis. Transient decreases in ADC
have been observed in experimental SE,5—8,19,20 af-
ter electroshocks,21 and in spreading depression.22
A pioneer study using DWMRI in epilepsy was an an-
imal study:6 acute decreases in ADC were found
in bicuculline-induced SE in rat brains. They also
found a decrease in ADCwith ﬂurothyl-induced SE in
rats, which was reversible by the injection of pen-
tobarbital, an anticonvulsant.7 The ADC changes
in kainate-induced SE are also consistent with the
known histopathological alterations associated with
this drug.8,20
Evaluations of DWMRI in humans were based
on a few patients, mainly with epileptogenic le-
sion. DWMRI in a patient with focal motor SE
showed a decrease in ADC in the epileptogenic
area, which was documented by intraoperative
electrocorticography.12 It is also reported that
DWMRI abnormalities during the ictal phase of non-
convulsive SE in humans were characterized initially
by diffuse decreased ADC, which later changed
to increased ADC in the subsequent interictal
DWMRI.11 Other studies reported chronic elevation
of ADC in the hippocampi of patients with medial
TLE using ‘interictal’ DWMRI.15—17 Complex pat-
terns of ADC changes such as increase or decrease
of ADC values were seen during postictal DWI in one
study.13 They suggest that postictal changes may
rely on many factors including seizure duration,
seizure type and propagation, or the underlying le-
sion. However, most of their patients had lesion on
MRI such as hippocampal sclerosis or focal atrophy
and they did not sample the presumed epilepto-
genic zone. All these results of previous studies
suggest that some meaningful changes in water dif-
fusion can occur around the ictal onset zone in both
ictal and interictal periods in the epileptogenic
focus. In the present study, the change of ADC val-
ues was identiﬁed only in the neocortical epilepsy
or lateral temporal area of TLE without hippocam-
pal sclerosis. Previous studies have reported change
of interictal DWMRI that indicated chronic eleva-
tion of ADC in sclerotic hippocampi in patients with
medial TLE, and a negative correlation between
hippocampal volume and ADC values.15—17 Postic-
tal ADC values of our series of medial TLE were
thought to be still elevated even after a seizure
in the ipsilateral atrophic hippocampus compared
with ADC values of the contralateral side (Table 2).
A single seizure may not generate enough change
to overcome the chronic increased ADC values of
atrophic hippocampus. However, in non-lesional
neocortical epilepsy (e.g., in the condition of no
signiﬁcant atrophy and absence of chronic eleva-
tion of ADC values), small water diffusion change
may be detected by DWMRI. If the interictal expan-
sion of extracellular spaces of epileptogenic zone
can be applied to all localization-related epilepsy,
the focal epileptogenic zones will show increased
ADC on interictal DWMRI. These chronic increases
in ADC can mask the postictal decrease in ADC.
Diffusion tensor imaging and voxel-by-voxel statis-
tical comparisons identiﬁed a signiﬁcant increase
in diffusivity concurred with the localization of
epileptiform EEG abnormality even in patients with
normal structural MRI.23,24 However, the interictal
elevation of ADC values in the ictal onset zone may
not be an absolute ﬁnding in all localization-related
epilepsy. The role of ictal and interictal DWMRI
in localization-related epilepsy, other than me-
dial TLE with hippocampal sclerosis, is to be more
speciﬁed in individual cases. More recruitment of
patients and comparison of ADC values of interictal
and postictal DWMRI can clarify this issue.
In non-lesion lateral TLE, in spite of heavy in-
terconnection and seizure spreading of neocortical
temporal lobe and mesial temporal structures, pos-
tictal ADC changes were identiﬁed only in the neo-
cortical temporal area. ADC decrease could not be
explained by only seizure spreading. Change of wa-
ter diffusion detectable by DWMRI may occur only
in the areas very adjacent to the seizure focus.
We could not ﬁnd out the meaningful relation-
ship between the duration of seizures and ADC
change. Previous studies that have shown an acute
high signal intensity on DWMRI or an acute de-
crease in ADC were performed predominantly in
either animal or human subjects with SE. Stud-
ies in an animal model suggested that there was
a correlation between the duration and severity
of cortical electroshocks and ADC changes.21 In
drug-induced SE, ﬂurothyl induced not only less se-
vere seizures but also a lesser decrease in ADC than
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did bicuculline.6,7 The longer the duration and the
greater the intensity of epileptic discharges, as in
SE, the greater the neuronal damage and distur-
bance to the microcellular environment, and the
higher the chance of alteration to the microdiffu-
sion of water molecules.6,7 Our negative results of
visual analysis and no meaningful relationship be-
tween the duration of seizures and ADC change can
be partially explained by the relatively less severe
seizures in our patients compared to SE, regardless
of the presence of secondary generalization.
The time interval from seizure onset to DWMRI is
another pertinent factor. We tried to apply DWMRI
as soon as possible after the onset of seizure, and
the mean time interval was around 80min. There
are some data available in animal studies on the
changes in ADC over time.1,5,6,8,20 However, little
information is available in human as yet on the
exact change in water diffusion in the epilepto-
genic zone during a single isolated seizure, or dur-
ing SE, or on the pattern and speed with which
these changes evolve over time. Therefore, even
though some signiﬁcant changes do occur around
the epileptogenic zone during and after a single
episode of partial seizure, they will hardly be de-
tectable with DWMRI if they are transient or too
short in duration. It seems that detectable abnor-
malities in signal intensity and ADC values are more
prolonged in SE than after single seizures, because
the deterioration of the microenvironment is more
profound in SE. This postulation is supported by a
recent human study in which patients with SE were
more likely to show DWMRI abnormalities than those
with single short seizures.14 However, we found no
signiﬁcant difference of ADC changes between in
the patients with longer time intervals from seizure
onset to MRI scanning and in those with shorter in-
tervals of less than 50min (a possible practical time
limit for prompt MRI scanning). Indeed, the time in-
terval itself cannot be the sole determining factor
for ADC changes because it has been reported that
the presence of abnormalities in postictal DWMRI
was not necessarily related to the time interval.14
The ROI we used may have been too large, and
the ADC from the epileptogenic area could have
been adulterated with that of the large surround-
ing nonepileptogenic area such as white matter or
cerebrospinal ﬂuid, possibly causing signiﬁcant par-
tial volume effect.
Conclusion
Our results suggest that signiﬁcant change of wa-
ter diffusion may occur even after a single seizure
in non-lesional neocortical epilepsy. DWMRI is
noninvasive, takes a very short time to imple-
ment, and has potential utility for the localiza-
tion in localization-related epilepsy, especially in
non-lesional cases. More speciﬁc patient selection
and precise localization of the ictal onset zones
prior to DWMRI scanning will be needed to disclose
its potential role.
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